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ABSTRACT 
 Electromagnetic actuators play a crucial role in virtual reality 

and haptic devices, providing precise mechanical movements to 

convey realistic sensations, enhancing immersion and presence, and 

enabling new applications that blur the boundaries between the 

physical and virtual worlds. This work presents a new type of soft 

electromagnetic haptic actuators combining sub-mm resolution 

Digital Light Processing (DLP) multimaterial 3D printing of flexible 

membranes with NdFeB magnets and planar coils. A study varying 

fabrication parameters and commercial components for the actuator 

was conducted, yielding a device that can achieve 12-47 μm vertical 

displacement with 160-340 mW maximum input power at 200 Hz 

(resonance), in a form factor 12 mm x 12 mm x 2.8 mm. The 

prototyped actuators offer a venue to develop a new class of soft 

haptic actuators with high performance, low power consumption, 

ease of integration with wearables, high displacement, and small 

form factor. 
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INTRODUCTION 
 Virtual environments can unlock new realms of sensations and 

experiences that were previously inaccessible due to physical 

limitations, financial constraints, or technological barriers, vastly 

expanding the boundaries of human exploration and interaction [1]. 

Skin-integrated haptic actuators, primarily employing soft 

electromagnetic actuation, are of great interest in advancing 

wearable haptic devices for virtual and augmented reality (VR/AR) 

platforms [2,3]. To create a truly immersive VR/AR experience, the 

integration of the virtual and physical environment must provide 

user feedback and intuitive interface sufficiently consistent with 

expectations of reality [4]. However, current soft actuators for 

haptics applications meet several limitations in real life applications, 

including slow response [5], low force output [6], high-control 

voltages [7,8], and bulky sizes [9,10]. These limitations restrict their 

importance in untethered wearable devices. For example, while 

dielectric elastomer actuators exhibit a good mechanical 

performance [11,12], their high actuation voltage that typically 

exceeds thousands of volts raises safety concerns for human use. On 

the other hand, pneumatic fluidic actuators are commonly used in 

soft robotics and haptic actuators due to their ability to generate 

large force output [13]; however, this type of actuators need high-

pressure equipment, typically exceeding 300 kPa and are slow in 

response (<0.5 Hz) [14]. Compared to current soft functional 

actuators, conventional electromagnetic actuators still offer many 

advantages such as fast response and lower actuation voltage, as 

well as highly programmable and well-controlled movements. 

Electromagnetic actuators are considered a vital component in 

wearable haptic devices for VR/AR platforms [15], enabling users 

to feel tactile sensations and feedback in real-time. By providing 

vibrations, forces, and displacements, these actuators create a more 

immersive and engaging feedback, making virtual and augmented 

reality experiences more natural and intuitive. 

 In this work, we present a new design of multimaterial 3D 

printed soft electromagnetic actuator. We combine permanent 

magnets with flexible resins acting as displacing membranes and 

rigid resins for structural integrity using sub-mm pixel size Digital 

Light Processing (DLP) 3D printing technique. The proposed 

fabrication technique was used to prototype magnetic actuators for 

haptic applications offering a venue to develop a new class of cost 

effective soft haptic actuators with high performance, low power 

consumption, ease of integration with wearable devices, high 

displacement, and smaller form factor than commercially available 

alternatives. 

 

EXPERIMENTAL METHODS  
Design Concept and Operating Principle       

 Electromagnetic actuators operate under fundamental 

principles of electromagnetic forces translated into mechanical 

work. A planar coil placed below a permanent magnet surrounded 

by a flexible membrane, as shown in Fig. 1a. When an electric 

current flows through the coil it induces a magnetic field (Biot–

Savart law), generating repelling/attractive forces to the permanent 

magnet (according to the magnet’s magnetization direction and the 

current direction).  

 A lumped element model of such actuators is typically 

described as the composition of two domains (electromagnetic and 

mechanical) represented by an electrical circuit (a coil with 

equivalent inductance and resistance), and the mechanical circuit (a 

mass, spring, damper). The coupling between two domains is the 

resulting magnetic force directly proportional to the electric current 

(Faraday’s laws of electromagnetic induction). Therefore, to model 

the system, we need an expression to model magnetic forces.  

 The differential element of force dF between the permanent 

magnet and each differential segment of coil dl can be calculated by 

integrating the standard magnetic force formula 𝑑𝐹 = 𝐼𝑑𝑙 × 𝐵 

where B is the magnetic flux density due to the magnet and I is the 

total current in the coil (the Lorentz force law).  
 We will use cylindrical coordinates (𝜌, 𝜑, 𝑧) with origin at the 

center of a magnet. If the magnet is defined as a magnetic dipole by 

𝑚 = (𝑉𝐵𝑟/𝜇0)𝑧̂ (in units of 𝐴 ∙ 𝑚2) where Br is the residual flux 

density expressed in Tesla, V is the volume of the magnet, and 𝜇0 is 

the permeability of vacuum. If the point in the space is defined as 

𝑟 = 𝑅𝜌̂ − 𝑧𝑧̂, then the magnetic flux density (B(r)) at r can be 

simplified using the following equation [16]: 

 

Figure 1: (a) Working principle of the electromagnetic haptic 

actuator. (b)(c) Two proposed prototypes of 3D printed actuators 

varying commercial coils.  
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 The total force F is calculated by integrating dF form 0 to 

2𝜋𝑁 over 𝜑, where N is the number of turns for the coil. With the 

replacement 𝛽 = 𝑧/𝑅, the radial component will cancel because of 

the symmetry, resulting in: 
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 A magnet embedded in the membrane will experience this 

force making the membrane deflect. The displacement of the 

membrane is then given by ∆𝑑 = 𝐹/𝑘, where k denotes the effective 

stiffness of the membrane. Thus, the force applied to the membrane 

acts as if it were a central load. The stiffness of a centrally loaded 

circular membrane with clamped edges can be calculated by [17]: 

𝑘 =
16𝜋𝐸ℎ3

3𝑑2(1−𝑣2)
,   (3) 

where E, h, d, and v represent Young’s modulus of the membrane, 

membrane’s thickness, membrane’s diameter, and Poisson ratio of 

the membrane, respectively. 

 

Sinusoidally Driven Systems: Second Order DE’s 

The mechanical domain can be modeled as a damped forced 

harmonic oscillator. If we define the oscillator as a mechanical 

system with mass mm, damping coefficient b, spring constant k, and 

subject to a sinusoidal driving force |F|cos(ωt) (with constant 

amplitude |F|), then the governing differential equation (DE) for the 

system is: 

𝑚𝑚

𝑑2𝑥

𝑑𝑡
+ 𝑏

𝑑𝑥

𝑑𝑡
+ 𝑘𝑥 = |𝐹|𝑐𝑜𝑠(𝜔𝑡),   (4) 

The gain, represented by the ratio of output amplitude to input 

amplitude in the real equation, is explicitly expressed as: 

𝑔 = 𝑔(𝑤) =
1

√(𝑘−𝑚𝑚𝑤2)2+𝑏2𝑤2
.   (5) 

 Values for mm can be measured, k can be calculated according 

to equation (3), and b is extracted from bode plot measure according 

to 𝑏 = 1/𝑄 ∙ √(𝑚𝑘) where 𝑄 = 𝑓𝑁 ∆𝑓⁄ . Q is the quality factor, 𝑓𝑁 

is the natural frequency, and ∆𝑓 is the difference between the 

frequencies at which the amplitude is equal to 0.707AN, where AN is 

the amplitude at 𝑓𝑁. Values for m, b, and k are found to be 99 mg, 

0.031 Ns/m, and 11.8 N/m. 

 

Fabrication Process 

 The fabrication process incorporates a 3 mm diameter, 1 mm 

thick magnet of N52 grade (from Supermagnetman), embedded in a 

500 µm thick flexible printed membrane over the planar coil as 

shown in Fig. 1b-c. Hard resin was added at the edges of the 

membrane for mechanical stability. Seven different prototypes were 

fabricated to increase displacement and decrease power 

consumption evaluating the following design changes: (1) 

Commercial Planar coil. Three coils were evaluated: 12-layers rigid 

PCB (prototypes 1, 2, 3, and 4) and flexible single-layer PCB 

(prototypes 5 and 6) from Microbots.io (both represented in Fig. 1b), 

and winded WR121210-27M8-ID coils (prototype 7) from TDK 

(Fig. 1c) of diameters 20, 20, and 12 mm respectively. (2) 

Membrane resins from Liqcreate (“Flexible-X” and “Premium 

Flex”), 2.4 and 1.9 MPa Young’s modulus respectively. (3) Steel 

plate addition to the back of the coils, to concentrate the magnetic 

flux density and maximize the displacement.  

 The membrane was fabricated using a DLP printing process 

(Anycubic Photon Mono 4K printer), which uses an LED projector 

to cure liquid resin layer by layer. The first step involves printing 

the hard resin in the exterior, using a layer thickness of 100 µm. 

Each layer was cured for 8 seconds, except for the two bottom 

layers, which were cured for 70 seconds to ensure a strong 

foundation. Printer parameters such as lift speed was set at 90 

mm/min, while the retract speed was 240 mm/min, allowing for 

precise control over the printing process. The second step in the 

fabrication process involves printing the flexible resin in the interior, 

with a layer thickness of 100 μm. Each layer was cured for 5 

seconds, except for the two bottom layers, which were cured for 40 

seconds. The printing process was precisely controlled, with a lift 

speed of 90 mm/min and a retract speed of 240 mm/min. Post 

printing steps involve washing with isopropyl alcohol (91%) for 5 

minutes, 10 minutes air drying. 

 Finally, the magnet is placed on top of the membrane, followed 

by curing the assembly under UV light for 90 seconds, allowing the 

photo initiator to polymerize the resin and create a strong bond 

between the magnet and the membrane. This efficient process 

allowed for the rapid production of 20 membranes in 15 minutes, 

showcasing the speed and precision of DLP printing.  

 

Mechanical Characterization of The Electromagnetic Actuators 

 The goal of this experiment was to validate the operating 

principle of the actuator and to verify the vibration modes and 

operating (resonance) frequencies. Frequency response analysis was 

done using a non-destructive testing method, 3D scanning 

vibrometer (PSV-500 Scanning Vibrometer, Polytech, Germany) at 

the center of the membrane at steady state. 

 The experimental setup consisted of an electromagnetic 

actuator connected to an L293D half-H driver to produce an 

oscillating current at a desired frequency. Drivers were controlled 

with an Arduino Uno microcontroller and DC power supply. A 3D 

vibrometer PSV-500, a computer interface with analysis software, 

and anti-vibrating table (surface isolated from any external forces). 

Vibrations in the actuator were generated by electrical signal 

varying from 4 to 11 V DC. Additionally, a mechanical Bode plot 

of the actuators was obtained by driving it directly from the internal 

function generator of the PSV-500 (20 V peak to peak).   

 

Electrical Characterization of The Electromagnetic Actuators 

 The electrical characterization of the electromagnetic actuator 

was performed using a Tektronix Oscilloscope Series 5. Two 

experimental setups were employed, both operating at a frequency 

of 200 Hz. In the first setup, a rectangular wave generated by the 

L293D half-H driver, powered by a DC power supply, was used to 

drive the actuator. The current flowing through the coil was 

measured, and the maximum input power was calculated, while the 

DC input voltage was varied between 4 and 11 V. In the second 

setup, the actuator was connected to a function generator, providing 

a sinusoidal wave at 200 Hz, and the maximum voltage (Vmax) was 

swept from 4 to 10 V. These experiments allowed for a 

 
Figure 2: Mechanical characterization (maximum 

displacement) of the different actuators. 
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comprehensive analysis of the actuator's electrical behavior under 

different conditions. 

 

RESULTS 
Mechanical Analysis 

 The mechanical characterization studies the displacement and 

force output of the actuators under varying preload masses and input 

voltages, providing insights into the design's effectiveness for 

vibrotactile stimulation. Fig. 2 shows the mechanical 

characterization (maximum displacement) of the different actuators. 

 Prototypes 1 and 2 employed flexible-x resin as the flexible 

material, characterized by a Young’s modulus of 2.4 MPa. The outer 

layer of these prototypes was fabricated using hard resin (Clear 

Impact from Liqcreate), a material with enhanced mechanical 

properties which served to securely fix the membrane to the coil, 

providing a stable and durable connection. These 2 prototypes used 

a rigid 12-layer Flexar PCB coil. The maximum displacement at the 

center of the membrane was observed to vary between 11 µm and 

25 µm, contingent upon the presence or absence of a steel plate on 

the back of the coil. This indicates a significant influence of the steel 

plate on the actuator's performance, due to its concentration of the 

magnetic field, to further enhance its intensity. Actuator thickness 

increases from 2.6 mm to 3.6 mm with the back steel plate.  

 Initial prototypes 1 and 2 were iterated to increase the 

maximum displacement by changing the resin, which was supported 

by calculations from the second order mathematical model, where 

decreasing the Young’s modulus will result in an increase in the 

displacement. Accordingly, prototypes 3 and 4 were fabricated with 

a new resin featuring a Young's modulus of 1.9 MPa, yielding a 

maximum displacement range of 11-90 μm which is sufficient for 

vibrotactile stimulation on fingers [18].  

 To further improve the dimensions and the flexibility of the 

actuator, prototypes 5 and 6 were fabricated and characterized at 

different input voltages. For these prototypes, a one-layer Flexar coil 

is used. The maximum displacement for these prototypes ranged 

from 4.5-59 µm, marking a significant reduction in the thickness 

while maintaining performance. This advancement brings the 

actuator closer to realizing a flexible wearable device capable of 

providing effective vibrotactile stimulation. The actuator thickness 

increases from 1.26 mm to 3.36 mm with the back steel plate.  

 Finally, prototype 7 was fabricated using only flexible material 

and TDK coils, resulting in a significant reduction in dimensions 

due to the coil size. This prototype achieved a maximum 

displacement range of 12-47 µm, further optimizing the design.  

  

 The study of the effect of preload mass on the actuator's 

performance is crucial because it enables the understanding of how 

the actuator will behave in various scenarios, particularly in 

applications where it will interact with human skin or other 

materials. For that purpose, a study was conducted on prototype 7 to 

investigate the effect of preload mass on the actuator's performance. 

Spherical steel masses of varying weights (m = F/g) were placed on 

top of the actuator, generating a preload force between 4-26 mN, 

which is the minimum indentation force required for human skin 

sensation. This resulted in a displacement range of 1.5-12 µm, as 

shown in Fig. 3.  

 To analyze the dynamic behavior, a bode plot was measured 

using the internal function generator of the laser vibrometer (sweep 

mode at 20 V peak to peak) for prototype 7 (Fig. 5), enabling the 

extraction of a lumped element model. The dimensions of this 

prototype were 12 mm × 12 mm × 2.8 mm. A comparison between 

the mathematical model and the bode plot experimental results is 

shown in Fig.  4, showing a natural frequency of 48 Hz. The Lumped 

Element Model (LEM) is shown in Fig. 4 (inset) and is composed 

of two separate domains: the electrical domain and the mechanical 

domain. In the electrical domain, the coil's resistance (Rcoil) and 

inductance (Lcoil) combine to form the electrical impedance. The 

mechanical behavior is simplified to a mass-spring-damper model. 

The overall mass (mm) includes the mass of the magnet and the 

printed membrane. The total compliance (Cm) represents the inverse 

of the mechanical stiffness of the membrane, while the damping 

coefficient (b) accounts for mechanical losses.  

 

Electrical Analysis 

The power consumption of the actuators was thoroughly 

evaluated using oscilloscope measurements, and the results are 

presented in Fig. 5. To assess the maximum input power, the three 

different coils used in the different prototypes were tested using both 

sinusoidal and square waveforms at a frequency of 200 Hz. The 

results show a significant reduction in maximum power 

consumption when using a sinusoidal waveform, with values 

ranging from 50-340 mW, compared to 380-5325 mW when using 

a square waveform. However, when examining the average input 

power, a different trend emerged. The rectangular waveform 

exhibited an average input power of 10-138 mW, which is attributed 

to the pulses of current with a peak current varying between 100 and 

450 mA at 200 Hz. This suggests that while sinusoidal waveforms 

are more power-efficient in terms of maximum input power, the 

rectangular waveform's pulsing nature results in a lower average 

power consumption. 

 

 
Figure 3: Mechanical characterization (laser vibrometer) with 

a change of preload mass. All samples excited at 4V. (inset) 

masses used to apply the preload force. 

 
Figure 4: Mathematical model and bode plot experimental 

results comparison (Prototype 7). 
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CONCLUSIONS 

 In conclusion, this paper presents a novel approach to soft 

electromagnetic haptic actuators, leveraging DLP multimaterial 3D 

printing, off-the-shelf magnets, and planar coils. The proposed 

actuators offer a promising solution for wearable haptic devices in 

VR/AR platforms, providing high performance with high out-of-

plane displacement, low power consumption, and ease of integration 

with compact design. Prototype 7, consisting of a TDK coil, flexible 

membrane, and a cylindrical magnet, was evaluated to be the 

optimal design among all actuators, exhibiting high performance 

with a maximum out-of-plane displacement range of 12-47 μm, 

sufficient for vibrotactile stimulation on fingers, low power 

consumption with a maximum input power of 160-340 mW at 200 

Hz (resonance), ease of integration with a compact design and 

dimensions as small as 12 x 12 x 2.8 mm enabling wearable devices. 

The study of preload mass effects and electrical characterization 

provides valuable insights into the actuators' behavior and 

optimization, paving the way for further research and development 

of soft haptic actuators. These findings demonstrate the potential of 

the proposed actuators for wearable haptic applications and lay the 

groundwork for further research and development in this field, 

enabling more immersive and interactive experiences in VR/AR and 

beyond. Ultimately, the development of high-performance, 

compact, and energy efficient haptic actuators is crucial for 

unlocking the full potential of haptic technology, allowing users to 

feel tactile sensations and feedback in real time, and creating a more 

natural and intuitive interface between humans and machines. 
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Figure 5: Electrical characterization (oscilloscope) of different 

coils showing maximum power input change. Measurements 

were done for sinusoidal and square waves using an L293D 

half-H drivers. 

367

mailto:cvelezcu@uci.edu

	MAIN MENU
	Search
	Print
	View Full Page
	View Page Width
	Author Index
	Table of Contents

